as the type strain. Based on D1/D2 domain phylogenetic analysis, the novel strains shared the highest sequence similarity (100 %) with Zygosaccharomyces sp. strain NCYC 3042, previously isolated from sugar [James, S. A., Bond, C. J., Stratford, M. & Roberts, I. N. (2005) . FEMS Yeast Res 5, 747-755]. However, based on phylogenetic (internal transcribed spacers, ITS), PCR fingerprinting and physiological analyses, marked differences were observed between the novel species and strain NCYC 3042, and these results are discussed in more detail.
The genus Zygosaccharomyces (Barker, 1901 ) was a polyphyletic group of ascomycetous yeasts that was recently divided into four phylogenetically circumscribed genera, Zygosaccharomyces, Zygotorulaspora, Torulaspora and Lachancea (Kurtzman & Robnett, 2003; Kurtzman, 2003) . Currently the genus comprises six species, viz. Zygosaccharomyces bailii, Z. bisporus, Z. kombuchaensis, Z. lentus, Z. mellis and Z. rouxii (James & Stratford, 2011) . Species of the genus Zyosaccharomyces are often associated with food-grade fermentation and spoilage (Deak & Beuchat, 1996) . Traditional balsamic vinegar (TBV) is a condiment typical of the Italian Northern provinces of Modena and Reggio Emilia and obtained from very sweet, cooked grape must through a two-step process of spontaneous alcoholic fermentation and subsequent acetic oxidation (Solieri & Giudici, 2008) . Different yeasts with diverse phylogenetic affiliations have been recovered from TBV, yet this ecosystem represents a highly unexplored habitat for yeast species (Solieri et al., 2006) . During a survey of yeasts associated with alcoholic fermentation of TBV, fourteen Zygosaccharomyces isolates were detected based on their unique nucleotide sequences in the 26S rRNA gene D1/D2 domains (Solieri et al., 2006) . In this report, a novel species is proposed to accommodate these strains.
Two TBV samples (named as A and B) were collected from different factories located in the provinces of Modena and Reggio Emilia, Italy, in May and June 2004 . Details of the sample processing, isolation and maintenance of the yeasts have been described previously by Solieri et al. (2006) . For comparative purposes, Zygosaccharomyces sp. ATCC 42981, Zygosaccharomyces sp. CBS 4837 (5NCYC 1682), Zygosaccharomyces pseudorouxii nom. inval. NCYC 3042, Z. rouxii CBS 732 T , Z. mellis CBS 736 T and Z. bailii DBVPG 6920 were retrieved from the American Type Culture Collection (ATCC, USA), Centraalbureau voor Schimmelcultures, (CBS, The Netherlands), National Collection of Yeast Cultures (NCYC, UK) and Industrial Yeast collection (DBVPG, Italy). Cell morphology was examined after incubation on YPD (2.0 % yeast extract, 2.0% peptone, 2.0% glucose, 1.5% agar) medium for three days at 27 u C by using a phase-contrast microscope (Axioskop 40; Carl Zeiss) connected to a digital camera (Optech). Asci and ascospore production were examined by growing the cultures alone or mixed with either the tester mating types a and a, CBS 4837 and CBS 4838, respectively, of Z. rouxii (mating type designation adopted from Wickerham & Burton, 1960) at 27 u C on YPD and 5 % ME (Oxoid, Milan) with and without 1.5 % agar, as well as on Gorodkowa agar (Kurtzman et al., 2011) . Ascospore formation was observed at regular intervals for up to one month.
Physiological characterization of isolates was performed according to standard methods (Kurtzman et al., 2011) . The ability to grow at 8, 16, 28 and 37 u C was tested on YPD medium both in tubes under static conditions and in Erlenmayer flasks under shaking conditions (180 r.p.m.) for one week and spectrophotometrically monitored at 600 nm (Jasco V550, UV/VIS spectrophotometer) (1 OD 600 52.8610 7 c.f.u. ml
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).
Genomic DNA extraction was performed according to Hoffman & Winston (1987) . Microsatellite-primed PCR (MSP-PCR) fingerprinting and random amplified of polymorphic DNA (RAPD) analysis were carried out with primers (GTG) 5 (59-GTGGTGGTGGTGGTG-39) and M13 (59-GAGGGTGGCGGTTCT-39), respectively (Baleiras Couto et al., 1996) . The reproducibility of the (GTG) 5 -PCR and RAPD fingerprinting patterns were evaluated by three independent DNA preparations from six randomly selected strains (data not shown). The PCR products were separated on 1.8 % agarose gels with electrophoretic run for 150 min at 80 V, visualized under UV, and photographed using BioDoc Analyser (Biometra). Gel images were processed using the BioNumerics (version 3.0; Applied Maths). The dendrogram was generated using the Pearson's correlation similarity coefficient and the unweighted-pair group method using the arithmetic means (UPGMA) clustering method, with 1 % optimization. Domains 1 and 2 of the 26S rRNA gene (D1/D2) were amplified with the primers NL1 and NL4 (O'Donnell, 1993) . The entire internal transcribed spacer (ITS) domains (ITS 1, ITS 2 and the intervening 5.8S rRNA gene) were amplified with primers ITS1 and ITS4 (White et al., 1990) and cloned according to Solieri et al. (2007) . ITS PCR-restriction fragment length polymorphism (RFLP) analysis was carried out as reported by Solieri et al. (2007) . PCR products of D1/D2 and ITS domains were purified and sequenced as previously reported (Solieri et al., 2007) , using the same primers as those for PCR, as well as the internal primer sets NL2A and NL3A (Kurtzman & Robnett, 1998) and ITS2 and ITS3 (White et al., 1990) , respectively. Sequences were edited and assembled using SeqMan software (DNASTAR) and BLASTed against the GenBank database to retrieve sequences of the closest relatives. The D1/D2 and ITS sequences were aligned using the CLUSTAL_X software package (Thompson et al., 1997) and phylogenetic trees were inferred from trimmed alignments by using the neighbour-joining (NJ) method with 1000 bootstrap iterations (Saitou & Nei, 1987) . Sequences from Wickerhamomyces anomalus CBS 5759 T (GenBank accession no. U74592) and Z. bailii CBS 680 T (AY046191) were used as outgroup in the D1/D2 and ITS NJ-trees, respectively.
Genetic diversity, sequence analyses and species delineation
Initially, MSP-PCR fingerprinting with primer (GTG) 5 was used to identify clonal relationships among 14 TBV isolates and to select strains for species delineation. Microsatellite primer (GTG) 5 generated complex banding patterns, with 10-12 electrophoretic bands, ranging in size from 250 to 3000 bp. Fourteen TBV isolates possessed similar band patterns and grouped into a homogeneous cluster separated from those of the reference strains. At a similarity threshold of 94 %, the TBV isolates could be further subdivided into two subclusters, namely A and B. This grouping coincided with the source of isolation: subcluster A included nine isolates, the majority of them collected from sample A; subcluster B comprised five isolates retrieved from sample B (Fig. S1 in IJSEM Online). Based on (GTG) 5 -fingerprints, one strain from each subcluster (ABT301 T and ABT601, Fig. S1 ) was selected for further characterization.
Sequencing of the D1/D2 domains produced a unique sequence for both the TBV strains. Comparison of the similarity of D1/D2 domains of strains ABT301
T and ABT601 with Zygosaccharomyces type strains from the GenBank database revealed that the novel strains differed from Z. rouxii by 2.5 % (14 mismatches and one indel in 567 nt) and from Z. mellis by 4.4 % (19 mismatches and six indels in 572 nt). Phylogenetic analysis of the D1/D2 domain sequences placed strains ABT301
T and ABT601 in a distinct and supported clade (78 % bootstrap) within the genus Zygosaccharomyces, with Z. mellis, Z. rouxii and three recently proposed species, Zygosaccharomyces siamensis (Saksinchai et al., 2012) , Z. machadoi (Rosa & Lachance, 2005) and Z. gambellarensis (Torriani et al., 2011) , being the closest relatives ( Fig. 1 ). No differences were detected between the NJ and maximum-parsimony methods, particularly as regards the position of strains ABT301
T and ABT601 (data not shown). Considering the guidelines given by Kurtzman & Robnett (1998) , i.e. distinct species usually exhibit 1 % or more sequence differences in the D1/D2 domains, the data allowed the designation of strains ABT301
T and ABT601 as representing a novel species in the Zygosaccharomyces clade, for which the name Zygosaccharomyces sapae sp. nov. is proposed.
A BLAST search of the GenBank database showed that Z. sapae sp. nov. was identical to strains of uncertain taxonomical affiliation with regard to 26S rRNA gene D1/D2 domains ( Fig. 1 ). In particular, strain NCYC 3042, isolated from sugar, has been deposited in culture collection as a hybrid and recently suggested as belonging to a novel species with the provisional name Zygosaccharomyces pseudorouxii James et al. (2005) nom. inval. The name is not validly published as the description of the species was based on a single isolate, without a Latin diagnosis. Based on multi-gene genealogy, James et al. (2005) were actually unable to clarify the taxonomic status of strain NCYC 3042. Strains ATCC 42981 and CBS 4837 were isolated from Japanese salty miso paste and described as allodiploid yeasts with a p-subgenome, supposedly retrieved from Z. pseudorouxii nom. inval., and a t-subgenome identical to Z. rouxii (James et al., 2005; Gordon & Wolfe, 2008; Suezawa et al., 2008) . On the basis of the D1/D2 sequences, strain NCYC 3042 may be considered to be conspecific with Z. sapae sp. nov.
To elucidate the relationships between Z. sapae sp. nov. and the Zygosaccharomyces sp. strains NCYC 3042, ATCC 42981 and CBS 4837, these strains were included in this study. The (GTG) 5 -fingerprint analysis showed that the allodiploid strains ATCC 42981 and CBS 4837 were genotypically separated from strains of Z. sapae sp. nov. (r¡86 %), as well as from NCYC 3042 (r¡78 %) (Fig. S1 ). (GTG) 5 -fingerprints of strains ATCC 42981 and CBS 4837 were highly similar to each other and close to that of Z. rouxii CBS 732 T . These results were consistent with those obtained by M13-RAPD, which grouped the novel strains and the hybrids ATCC 42981 and CBS 4837 into two homogeneous and distinct clusters (Fig. S2) . The position of strain NCYC 3042 was incongruent in (GTG) 5 and M13-RAPD dendrograms. Zygosaccharomyces sp. NCYC 3042 stood apart based on (GTG) 5 -PCR profiling, whereas it was placed in a cluster with the hybrid strains ATCC 42981 and CBS 4837, based on M13-RAPD patterns.
The ITS domain sequencing of strains ABT301
T and ABT601 revealed that three non-orthologous ITS sequences (arbitrarily referred to as copies 1-3) coexisted within the genome of a single strain (Solieri et al., 2007) , whereas two ITS sequences were found from strain ATCC 42981 (Gordon & Wolfe, 2008 ). An increasing number of examples have been recently reported on intragenomic polymorphism in ITS sequences within the same strain of fungal and yeast species (Wang & Yao, 2005; Fell et al., 2007; Kageyama et al., 2007; Jacques et al., 2009; Connell et al., 2010; Saksinchai et al., 2012) . Z. sapae sp. nov. strain ABT301 T differed from Zygosaccharomyces sp. strain NCYC 3042 in the restriction profiles of the ITS domains (Fig.  S4) . Moreover, cloning and sequencing of the ITS regions identified a unique sequence within the NCYC 3042 genome. This sequence showed 98.3 % similarity to that of Z. sapae sp. nov. ITS copy 2 and to the p-haplotype of strain ATCC 42981. Sequence differences included one transversion and two indels in 647 nt located in the 5.8S rRNA gene. The NCYC 3042 ITS sequence differed significantly from Z. sapae sp. nov. ITS copy 3 by 19.5 % in 690 nt: 38 transitions, 44 transversions and seven indels were mainly located in the ITS2 domain. The greatest difference (34.9 %) was found between strain NCYC 3042 and Z. sapae sp. nov. ITS copy 1, including 37 transitions, 32 transversions and 20 indels in 703 nt. The majority of these differences were scattered throughout ITS1 and ITS2 domains. Considering only the mismatching positions, the differences between strain NCYC 3042 and Z. sapae sp. nov. ITS copies 1, 2 and 3 were 0.2 %, 12.2 % and 14.0 %, respectively. Phylogenetic analysis of the ITS alignment showed that ITS haplotypes were structured into two very divergent groups: one with low diversity, including ITS haplotypes more similar to that of Z. rouxii; one including highly divergent ITS haplotypes, which did not match ITS sequences from any recognized species of the genus Zygosaccharomyces (Fig. 2) . Data acquired from PCRgenotyping and ITS-based phylogenesis indicate that, albeit conspecific based on D1/D2 sequences, strain NCYC 3042 and allodiploid strains ATCC 42981 and CBS 4837 differed from Z. sapae sp. nov. in relevant genome-level properties. These results were also confirmed by phylogenetic divergences among these strains, previously demonstrated using the mitochondrial cytochrome oxidase II gene (COX2) and two nuclear housekeeping markers (imidazole-glycerol-phosphate dehydratase, HIS3, and Na + / H + -antiporter, ZrSOD2, respectively) (Solieri et al., 2007) .
Morphology and physiology
Novel strains ABT301 T and ABT601 exhibited similar morphological and physiological characteristics. They reproduced asexually by multilateral budding with mother and daughter cells remaining attached to each other, resulting in chain or star-shaped multicellular clumps (Fig.  3) . Pseudomycelia could form after 20 days both on YPD and Gorodkowa media at 27 u C. Single colonies of Z. sapae sp. nov. were able to produce persistent asci with 1-4 spheroid to ovoid ascospores when growing on YPD medium after 15-20 days at 27 u C (Fig. 4) . The asci were conjugated.
Strains NCYC 3042, ATCC 42981 and CBS 4837 were similar to Z. sapae sp. nov. strains ABT301 T and ABT601 with regard to morphological properties, but they did not form pseudomycelia in all the test conditions. According to its heterothallic status, strain CBS 4837 (mating type a) formed conjugated asci along with strain CBS 4838 (mating type a). Strain NCYC 3042 formed rare conjugated asci (including two round to oval spores per ascus) in individual culture after 5 days on 5 % ME medium, whereas strain ATCC 42981 did not form ascospores in single culture, either when mixed with strain CBS 4837 or with strain CBS 4838.
The physiological characteristics of Z. sapae sp. nov. are presented in Table 1 . The novel species can be distinguished from Zygosaccharomyces sp. strains NCYC 3042, ATCC 42981, and CBS 4837, as well as from recognized species of the genus Zygosaccharomyces by numerous physiological features. Zygosaccharomyces sapae sp. nov. differed from Z. mellis by the ability to grow on 16 % (w/v) NaCl plus 5 % D-glucose. The novel species and strain NCYC 3042 differed in their fermentation of maltose, in their assimilation of D-mannitol, trehalose and glycerol, and, finally, in their ability to grow on 16 % NaCl plus 5 % Dglucose. Zygosaccharomyces sapae sp. nov. can also be separated from Z. rouxii based on maltose fermentation and D-mannitol assimilation, which are positive for Z. rouxii but negative for the novel species (Table 1) . The novel species gave a negative result in tests for the assimilation of trehalose, whereas hybrids ATCC 42981 and CBS 4837 were able to use this sugar source. Finally, Z. sapae sp. nov. could be distinguished from Z. siamensis based on the ability of the latter species to assimilate erythritol (Saksinchai et al., 2012) . When cultured on YPD medium under shaking conditions Growth on/at: 60 % Glucose/yeast extract (0.5 %)
at 27 u C, Z. sapae sp. nov. showed a slow growth rate compared with Z. rouxii CBS 732 T , Z. bailii DBVPG 6920, and Zygosaccharomyces sp. strains NCYC 3042, ATCC 42981 and CBS 4837 (Fig. S3) . The novel species showed a weak growth at 37 u C under static conditions, whilst it was fastgrowing at 37 u C under shaking conditions (data not shown).
Evolutionary implications and conclusions
Yeasts belonging to the genus Zygosaccharomyces inhabit selective food-grade niches, including sugary and salty foods and beverages. Based on the molecular and other taxonomic characteristics mentioned above, it is concluded that the 14 yeast isolates recovered from spontaneously fermenting sweet TBV samples, represent a distinct species, namely Z. sapae nov. sp., described formally below. Phylogenetic analysis based on D1/D2 domains suggested that Zygosaccharomyces sp. strain NCYC 3042 could be conspecific with the novel strains, but PCR-genotyping, ITS phylogenetics and physiological profiling highlighted marked differences resulting in incongruence with regard to the taxonomical status of the latter strain. For instance, Z. sapae nov. sp. and Zygosaccharomyces sp. NCYC 3042 shared the same D1/D2 domain, but differed both in genotypic features and physiological characteristics. Incongruity reflects difficulties in reconciling various species concepts (SC) in hemiascomycetes taxonomy, such as the morphological, the biological or the genealogical SC. Species boundaries can vary considerably depending on which concept is applied. Moreover, incongruity among different phenotypic, genotypic and phylogenetic information may be indicative of genetic exchange or reticulation among individuals within a species or among closely related species (Taylor et al., 2000) . Hybrid species are very common in plants, animals (Mallet, 2007) and fungi (Albertin & Marullo, 2012) . In the Saccharomyces genus, the hybrid species Saccharomyces pastorianus is extensively exploited as lager-style brewing starter. Like Saccharomyces pastorianus, Z. sapae sp. nov. might be a hybrid species. This hypothesis is partially supported by sequence polymorphisms in phylogenetic (ITS regions) and housekeeping (ZrSOD2 and HIS3) markers, but not by the sequence of D1/D2 domains, in which no polymorphisms were detected. This peculiar mosaic structure may suggest that the novel species have gained polymorphic alleles by hybridization, followed by gene rearrangement and loss. Based on the similarity of D1/D2 and ITS domains, a putative parent could be a strain resembling Zygosaccharomyces sp. NCYC 3042.
Alternatively, we may hypothesize that Z. sapae sp. nov. and Zygosaccharomyces sp. NCYC 3042 shared an ancestral progenitor carrying multiple copies of several loci or 'double genome', which were lost in different ways across lineages (Gogarten & Townsend, 2005) . This latter scenario envisages that gene loss events lead to the divergence of different clusters, some of them resembling a 'hybrid genome', others showing a 'patchy' structure, with double copies of some genes and single copies of others. The differences highlighted here between Z. sapae sp. nov. and Zygosaccharomyces sp. NCYC 3042 suggest that the position of the latter in relation to Z. sapae sp. nov. should be re-examined in the future, in order to provide relevant clues on the taxonomy of the genus Zygosaccharomyces and the evolutionary forces shaping diversity within this clade.
Latin diagnosis of Zygosaccharomyces sapae sp. nov.
In medio liquido (YPD) post dies 3 ad 27 u C cellulae vegetativae ellipsoideae et ovoideae, 2.6-2.763.2-4.8 mm, singulae, binae, et adhaerentes, per gemmationem multipolarem reproducentes. Post dies 3 sedimentum formatur, at pellicula non formatur. Cultura in agaro malti (5 % MEA) post dies 6 (27 u C) convexa, butyrosa, candida, glabra colonia, marginis integrae. In liquido medio (YPD) et in agaro medio Gorodkowa post dies 20 pseudomycelia fiunt. In medio liquido (YPD) post dies 20 asci conjugati, non liberi, 1-4 ascosporas globosas et ellipsoideas contenentes. Non crescit in medio cum 1 % acido acetico nec in medio cum 0.1 % cycloheximido. Crescit in medio cum 60 % D-glucoso et in medio cum 16 % NaCl/5 % D-glucoso. Crescere potest in temperatura 37 u C (vel lente) at non in temperatura 8 u C et 16 u C. D-glucosum et fructosum fermentantur, at non maltosum, lactosum, D-galactosum, sucrosum et trehalosum. D-glucosum, fructosum, sucrosum (vel lente), D-galactosum, D-glucitolum, D-mannitolum et glycerolum assimilantur, at non maltosum, lactosum, trehalosum, D-xylosum, D-ribosum, L-arabinosum, L-rhamnosum, melibiosum, raffinosum, inositolum, erythritolum nec ethanolum. Ammonium sulfatum, L-lysinum, ethylaminum, cadaverinum, at non natrum nitrosum net kalium nitricum assimilantur. Ad crescentiam vitamina externa necessaria sunt. Zygosaccharomyces sapae (sa9pa.e. L. gen. n. sapae of/from ancient syrupy cooked must made from grapes boiled down in a pot).
On YPD medium after 3 days of incubation at 27 u C, vegetative cells are ovoid or slightly elongated, 2.6-2.763.2-4.8 mm, single or connected in pairs or chains. Budding is multilateral and budding cells remain attached to each other, giving chain or star-shaped patterns (Fig. 3) . A sediment is formed after 3 days, but a pellicle is not observed. On 5 % MEA after 6 days (27 u C) colonies are white to creamy, with smooth and glistening surfaces and entire margins. Pseudomycelia are sometimes present both on YPD and Gorodkowa media after 20 days at 27 u C. Asci containing 1-4 spheroid to ovoid ascospores are observed on YPD medium after 15-20 days at 27 u C (Fig. 4) . Asci are conjugated and many show the typical Zygosaccharomyces dumbbell-shaped configuration in which the conjugants are joined by a conjugation tube. Growth is negative at 8 and 16 u C, whilst it is weak at 37 u C. Growth on 16 % NaCl/5 % D-glucose is positive. Growth on 60 % D-glucose/yeast extract (0.5 %) is positive. In 100 mg cycloheximide ml 21 growth is negative. The results of assimilation and fermentation tests are presented in Table 1 
